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Introduction
Ever since icosahedral carboranes were first made in the 1960s, 1 their stabilities, 5coordinate carbon atoms, derivative chemistry and bulk have attracted considerable interest. 2 Icosahedral carboranyl residues as substituents have larger cone angles and occupy slightly larger volumes than fully rotating phenyl groups, [3] [4] [5] [6] as illustrated by B3LYP/6-31G* optimized geometries of 1-phenyl-ortho-carborane 1, 7,8 biphenyl 7,9 and tert-butylbenzene, 9 the ranges of H...H nonbonded intramolecular interactions in which are shown in Fig. 1 . Our own interest in such systems stemmed from our use of meta-or para-phenylene links (or indeed 2,6-disubstituted pyridine rings) to connect together ortho-, meta-or para-icosahedral carboranes in diamond-shaped or hexagonal arrays. 10, 11 Generally, C-aryl-ortho-carboranes can be made by two routes, from decaborane and arylalkynes 4, 5, 10, [12] [13] [14] [15] [16] [17] [18] or by copper-mediated coupling of ortho-carborane with iodo aryls. 19, 20 The latter route, however, results only in C-monoaryl-ortho-carboranes in many cases. 19 Conversely, the copper-mediated coupling of ortho-carborane with 2bromopyridine gave only the disubstituted product, 1,2-(2'-pyridyl) 2 -1,2-C 2 B 10 H 10 . One explanation for this may be that the proximity of the nitrogen atom in the nonisolable intermediate 1-(2'-pyridyl)-1,2-C 2 B 10 H 11 facilitates the second C-C coupling.
In the present work, we hoped the reaction of the dicopper(I) derivative of orthocarborane with 1,2-diiodobenzene would form product I in which a 4-membered ring connected an ortho-phenylene residue to the carborane cage (Chart 1). Carborane derivatives of this type are already known. 21 However, the crowded biphenyl derivative 2 bearing carborane cages adjacent to the link between the benzene rings was obtained instead. (Figure 2 ) The separate reactions of the dicopper(I) derivative of ortho-carborane with meta-and para-diiodobenzene were also studied and found to generate the biscarboranyl benzenes 3 and 4 respectively. (Figure 3 ) Structural, photophysical, electrochemical and computational studies on these systems are described below. 
M A N U S C R I P T A C C E P T E D ACCEPTED MANUSCRIPT
Results and Discussion
The reaction between the dicopper(I) derivative of ortho-carborane and 1,2diiodobenzene in a 1:1 ratio gave the di-ortho-carboranylbiphenyl 2, instead of the target compound I, as the main carborane product ( Figure 2 ). The unexpected twocage compound 2 was identified by mass spectrometry, infrared and detailed NMR spectroscopy. Formation of the aryl-to-aryl bond in the biphenyl 2 presumably results from an Ullmann reaction of an arylcopper derivative following exchange of one iodine atom with copper, plausibly in the initial intermediate, C-iodophenyl-orthocarborane. It is inferred that under these constrained conditions copper-iodine exchange becomes a significant pathway.
The reactions of the dicopper(I) derivative of ortho-carborane with 1,3-or 1,4diiodobenzenes afforded 1,3-bis(1'-ortho-carboranyl)benzene 3 5, 12, 13 or 1,4-bis(1'ortho-carboranyl)benzenes 4 12 respectively ( Figure 3 ). The biphenyls that may be expected based on the formation of 2, i.e. 3,3'-bis(ortho-carboranyl)biphenyl 5 and 4,4'-bis(ortho-carboranyl)biphenyl 6, 16 were not obtained. This suggests that the copper-iodine exchange is not a significant step in the iodophenyl-ortho-carborane intermediate in these reactions.
X-ray crystallography
Crystal structures of the two carborane assemblies, 2 and 4, were determined by X-ray crystallography here while carborane 3 has been structurally determined elsewhere. 13 Substantial distortions in the biphenylene skeleton are found in the crystal structure of the two-cage biphenyl 2 as expected from steric crowding by the bulky carboranyl substituents on the two-ring frame at the ortho positions to the aryl-aryl link ( Figure  4 ). The two rings retain planarity with the twist angle between the two rings at 70.2 º. Examination of the bond distances and angles in the biphenylene framework reveals that the bonds are not distorted but the angles between the cages and the aryl-aryl link, 124-6 º, are widened to accommodate the two bulky cages in 2 ( Figure 5 ). Crystal structures of related biphenyls with one ortho-carboranyl group at the 2-position do not show such large angles. 3, 22 The carboranyl groups in 2 are ordered with the CH positions located. The cage ordering in both compounds 2 and 4 is probably facilitated by intermolecular cage C-H…H-B interactions ( Figure 6 ). 23 The C…B distances in these interactions are 3.86 and 3.94 Å for 2 and 3.93 The cage C(1A)-C(2A) and C(1B)-C(2B) bonds are determined to be somewhat long at 1.669(2) and 1.683(2) Å despite the low values of torsion angles, θ, [C(3)-C(2)-C(1A)-C(2A)] and [C(3')-C(2')-C(1B)-C(2B)] around C(ring)-C(cage) bond equal to 22.9º and 26.9º respectively. A cage C-C bond length of around 1.64 Å is expected when the torsion angle θ is small. 15 In the reported crystal structures of 1, the cage C-C bonds are 1.640(5) and 1.649(2) Å with the torsion angles θ of 18.3º and 22.3º respectively. 24 In the crystal structure of 2 the C(4')-C(5') bonds of benzene rings of adjacent molecules are antiparallel with the shortest interatomic C…C(1-x,-y,1-z) distance of 3.40 Å, that probably indicates the presence of π…π interactions ( Figure  6 ). (14) , C(4)-C(5A) 1.3897 (13) .
The molecule in crystal structure of 4 has an inversion centre at the centre of the paraphenylene ring ( Figure 7 ). The cage C(1)-C(2) bond is 1.6591(13)Å which is expected for a large torsion angle θ of 79.6º. The parameters within the para-phenylene framework of 4 are similar to the crystal structures of related derivatives, 1,4-bis[1'-(2'-methyl-ortho-carboranyl)]benzene, 25 1,4-bis[1'-(2'-phenyl-orthocarboranyl)]benzene 26 and 1,4-bis[1'-(2'-benzyl-ortho-carboranyl)]benzene. 12
Electrochemistry
The cyclic voltammogram (CV) for phenyl-ortho-carborane 1 has an irreversible 2electron reduction wave at -2.25 V ( Figure 8 , Table 1 ) as reported elsewhere. 27 The current intensity on the oxidation wave at -1.66 V after reduction is only half the intensity of the reduction wave and the peak-to-peak separation between the two waves is 590 mV.
The presumed 4-electron irreversible reduction waves in the CV traces for biphenyl 2 and the 1,3-phenylene compound 3 are observed at reduction potentials of -1.87 and -1.90 V respectively. These values indicate that 2 and 3 are more easily reduced than 1. The oxidation waves observed after reduction are closer in current intensities as the reduction waves with anodic peak -cathodic peak separations of 310 and 270 mV for 2 and 3 respectively. These values suggest improved stabilities of the tetraanions formed from 2 and 3 compared to the dianion formed from 1.
A very different CV trace is seen for the para-phenylene compound 4 with two distinct waves. The two waves in 4 suggest that the dianion [4] 2is formed followed by the tetraanion [4] 4on reduction. The stability of the dianion [4] Table 1 . Cyclic voltammetry data for 1-4 with a glassy carbon working electrode in acetonitrile and scan rate of 100mV/s. Values in italics correspond to anodic waves of the species formed on rearrangement, reaction or decomposition of the initial reduced species. 
UV spectroscopy
The UV absorbance spectrum of 1-phenyl-ortho-carborane 1 shows weak bands with fine structure between 260 and 272 nm corresponding to the benzene-type forbidden π → π* transition known as the B band ( Figure 9 ). 29 A strong band is also seen at < 225 nm which is assigned to the allowed π → π* transition as the E-band. The small bathochromic shifts in these bands for 1 compared to benzene are attributed to the inductive electron-withdrawing influence of the carboranyl group.
The UV spectra of the carboranyl biphenyl 2 and the meta-phenylene assembly 3 are similar to that of 1 indicating a lack of conjugation between the two rings 30 in 2 and between the two cages in 3. The absorption spectrum for 4 reveals bands present at 227-241 nm which are at considerably longer wavelengths than the E bands in the spectra of 1-3. This suggests a greater degree of conjugation with the two carboranyl groups in the para-phenylene bridge of 4 than in the bridges of 2 and 3. The bands at 227-241 nm for 4 may arise from allowed π → π* transitions with considerable carborane character in these orbitals. 
Computations
Geometry optimisations of the two-cage assemblies 2, 4 and 6 were carried out at B3LYP/6-31G* to compare with their experimentally determined geometries where their cage CH positions were located. 16 The C1-C2 bond lengths and the torsion angles, θ, for these computed and experimental geometries are listed in Table 2 . There is very good agreement in all cases which show confidence in the accuracy of the optimised geometries at B3LYP/6-31G*. The assembly 1,2-bis(1'-ortho-carboranyl)benzene 7 is an isomer of 3 and 4 and the reported crystal structure has a highly distorted benzene ring due to two adjacent carboranyl groups ( Figure 10 ). 4, 5 The non-equivalent clusters were denoted cage A and cage B. The reported experimental values of 1.700 Å and 1.657 Å for C(1A)-C(2A) and C(1B)-C(2B) bond lengths respectively were initially surprising given that the positions of both carbons C(2A) and C(2B) are similar and both θ torsion angles are small at 5.4 and 14.7 °. As boron and carbon atoms are difficult to distinguish by X-ray crystallography there is the possibility of the carboranyl carbon atoms in 7 being incorrectly located. 23 Another possibility is that the carboranyl groups may be disordered in the structure of 7 as found in crystal structures of 1 and 3. Figure 10 . Starting conformers a-h with initial torsion angles θ in degrees (°) for geometry optimisations of 7 and the C1-C2 bond distances in Å after optimisations.
Geometry optimisation of 7, based on the reported experimental geometry, as the starting geometry (conformer a, Figure 10 ) gave a geometry with equivalent carboranyl groups. Given this discrepancy with the reported data, geometry optimisations were carried out on other possible conformers of 7 i.e. b to h. The optimised geometries for conformers b, c and d contained non-equivalent carboranyl groups whereas the optimised geometries for e, f, g and h had equivalent carboranyl groups. Optimisation of conformer e resulted in the same geometry as conformer a. Geometry optimisations carried out at the computationally-intensive electroncorrelated wavefunction method MP2/6-31G* for conformers a, b, c and d confirmed the validity of the geometries optimised at the hybrid DFT method B3LYP/6-31G*.
The best-fit (r.m.s.) or misfit procedure, 15, 23 using the ofit command in XP within the SHELXTL package, 31 was applied between the experimentally determined molecule of 7 and the four MP2-optimised conformers a-d. The lower the misfit value (Å) is calculated, the better the fitting is. It is clear from Table 3 that conformer b fits best with the experimental data. The fitting value of 0.0057 Å confirms the position of C(2B) in cage B whereas the fitting value of 0.0234 Å for cage A suggests the likely position for C(2A). It is concluded here that the geometry in Figure 11 is the correct one in the crystal structure of 7. Close cage C-H…X intermolecular interactions were observed for B(9B)-H…H-C(2A) at 2.28 Å and B(9B) … C(2A) at 3.86 Å promoting cage order in the carboranyl groups in the crystal structure ( Figure 12 ). An interesting observation in this revised geometry is that the C(1A)-C(2A) distance is even longer at 1.725 (3) Å. This is a remarkably long C1-C2 bond for a monosubstituted ortho-carborane and is in fact a typical value for a diaryl-ortho-carborane. 14, 16 The The relative energies for the four conformers a-d of 7 are listed in Table 3 . Conformer b is slightly higher in energy compared to conformers a and c by 1.4-1.6 kcalmol -1 but it is likely that conformer b exists in the crystal structure (instead of conformer a and c) due to favourable intermolecular interactions in the crystal (Figure 12 ). Using conformer a for 7, the relative energies between 7 and the benzene isomers 3 and 4 reveal that 7 is 28.6 and 29.2 kcalmol -1 higher than 3 and 4 respectively. These substantial energy differences reflect the unfavourable distortion of the phenylene framework caused by the bulky carboranyl groups in 7. The energy differences between the biphenyls 2 and 5 and between 2 and 6 are 21.0 and 21.4 kcalmol -1 respectively with 2 higher in energy than 5 and 6. These values indicate that the steric effects of the carboranyl groups at the 2-,2'-positions on the biphenylene framework in 2 are less significant compared to those in 7.
Electronic structure computations carried out on the optimised geometries of 1-7 revealed that compounds 2-7 with two carboranyl groups have LUMO energies over 0.5 eV lower than 1-phenyl-ortho-carborane 1 (Figure 13 ). This is in accord with the observed reduction potentials in the CV data for 1-4 ( Table 1 ). The LUMOs for all compounds 1-7 are on the aryl rings with carboranyl group contributions in the range of 9-31 % (Figure 13 ). The HOMOs are also on the aromatic rings with cage contributions of 3-26%.
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The para-phenylene assembly 4 has the highest cage character in its frontier orbitals (29% LUMO, 26% HOMO, Figure 14 
Conclusions
A biphenyl molecule with two carboranyl groups at the 2,2'-positions was unexpectedly formed from ortho-carborane and 1,2-diiodobenzene via the coppermediated coupling procedure. By contrast, reactions with 1,3-and 1,4-iodobenzenes in place of 1,2-diiodobenzene afforded benzenes (rather than biphenylenes) with two attached carboranyl groups. The molecular geometry in the crystal structure of benzene with two carboranyl groups at 1,2-positions was revised on the basis of conformational analyses and geometrical fittings. From the electrochemical and absorption data, the benzene with carboranyl groups at the 1,4-positions showed evidence of electronic communication between the two cages.
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Experimental Section
Dimethoxyethane was dried by distillation from potassium and pyridine by distillation after standing over potassium hydroxide. Copper(I) chloride was purified by the method of Whitesides 32 and stored under nitrogen. Infrared spectra were recorded as KBr discs on a Perkin Elmer 1600 series FTIR. Background corrected and solvent corrected UV-Vis absorption spectra were recorded from cyclohexane solutions in quartz cells with a 1 cm path length on an ATI Unicam UV / VIS UV2 spectrometer. GC-MS mass spectra were recorded on a Thermo-Finnigan Trace mass spectrometer. NMR spectra were measured in CDCl 3 solution except where stated using Varian Unity-300 ( 1 H, 11 B, 13 C), Bruker AM250 ( 1 H, 13 instruments. All chemical shifts are reported in δ (ppm) and coupling constants in Hz. 1 H NMR spectra were referenced to residual protio impurity in the solvent (CDCl 3 , 7.26 ppm). 13 C NMR spectra were referenced to the solvent resonance (CDCl 3 77.0 ppm). 11 B NMR spectra were referenced externally to BF 3 ·Et 2 O at 0.0 ppm. Peak assignments for the carborane clusters were aided by 2D 11 B-11 B{ 1 H} COSY and 1 H{ 11 B-selective} spectra. Electrochemical measurements were carried out with an Autolab PG-STAT 30 using dry acetonitrile solutions containing 0.1 M NBu 4 PF 6 electrolyte in a standard three-electrode cell with a glassy carbon (2 mm) working electrode and platinum wires as counter and reference electrodes. Chromatographic silica refers to Merck Art. No. 9385. Phenyl-ortho-carborane 1 was made by a literature procedure. 33 UV (λ/nm, ε) for 1: 260 (500), 265 (500), 269 (400), 272 (300).
2,2'-Bis(1-ortho-carboranyl)biphenyl 2
Under nitrogen, a solution of ortho-carborane (1.44 g, 10 mmol) in dimethoxyethane (40 cm 3 ) was treated dropwise with butyllithium (16.0 cm 3 , 1.31 M in hexanes) and pyridine (6.0 cm 3 ) was added followed by copper(I) chloride (2.2 g). The dark red mixture was heated to bath temperature 90˚C and distilled in a slow stream of nitrogen until 16 cm 3 of distillate had collected, 1,2-diiodobenzene (0.95 cm 3 ) was added and the solution was kept at 90˚C for 40 h. Ether (280 cm 3 ) was added to the cooled solution which was filtered after 2 days. The filtrate was washed with dilute hydrochloric acid (80 cm 3 , 2 M) and water (600 cm 3 ; 3x200 cm 3 ), dried and evaporated. The oily residue (2.06 g) was dissolved in ether, evaporated with chromatographic silica (6.0 g) and eluted through a column of silica (25 g) with benzene. The first fraction (50 cm 3 ) was evaporated under vacuum, sublimed under high vacuum to remove ortho-carborane (0.52 g) and triturated with cyclohexane to give the biphenyl derivative 2 as a chalky white solid (326 mg, 0.7 mmol, 18 %). Recrystallization from cyclohexane and then from butan-1-ol gave crystals suitable for X-ray crystallography. M.p. 216-217 °C. Found: C, 43.3; H, 6.9. C 16 
X-ray crystallography
The single crystal X-ray data were collected at 120K on the Bruker SMART-CCD 1K (compound 2) and Bruker SMART-CCD 6000 (4) diffractometers (λMoKα, λ = 0.71073Å, ω-scan, 0.3°/frame) equipped with Cryostream (Oxford Cryosystems) open-flow nitrogen cryostates. The structure were solved by direct method and refined by full-matrix least squares on F 2 for all data using SHELXTL 34 and OLEX2 35 software. All non-hydrogen atoms were refined with anisotropic displacement parameters, H-atoms were located on the difference map and refined isotropically. Crystal data and experimental details are given in Table 4 . Crystallographic data for the structure have been deposited with the Cambridge Crystallographic Data Centre as supplementary publication CCDC 930976 and 930977. 
Computational Section
All computations were carried out with the Gaussian 09 package. 36 The geometries were optimized at B3LYP/6-31G* with no symmetry constraints. Frequency calculations were computed on these optimized geometries and confirmed them to be true minima. For conformer a, the experimental geometry 7 was used as the starting geometry with the unsubstituted carboranyl atoms C(2A) and C(2B) at the positions shown in Figure 10 . 
